Hypertension continues to be a significant cause of morbidity and mortality, underscoring the need to better understand its early effects on the myocardium. The aim of this study is to determine the feasibility of in vivo longitudinal assessment of cardiac function, particularly diastolic function, in a mouse model of renovascular hypertension. Renovascular hypertension (RVH) was induced in 129S1/SvImJ male mice (n ¼ 9). To assess left ventricular (LV) systolic and diastolic function, M-mode echocardiography, pulsed-wave Doppler echocardiography and tissue Doppler imaging were performed at baseline, 2 and 4 weeks after the induction of renal artery stenosis. Myocardial tissue was collected to assess cellular morphology, fibrosis, extracellular matrix remodeling and inflammation ex vivo. RVH led to a significant increase in systolic blood pressure after 2 and 4 weeks (baseline: 99.26 ± 1.09 mm Hg; 2 weeks: 140.90 ± 7.64 mm Hg; 4 weeks: 147.52 ± 5.91 mm Hg, Po0.05), resulting in a significant decrease in LV end-diastolic volume, associated with a significant elevation in ejection fraction and preserved cardiac output. Furthermore, the animals developed an abnormal diastolic function profile, with a shortening in the E velocity deceleration time as well as increases in the E/e 0 and the E/A ratio. The ex vivo analysis revealed a significant increase in myocyte size and deposition of extracellular matrix. Non-invasive high-resolution ultrasonography allowed assessment of the diastolic function profile in a small animal model of renovascular hypertension.
INTRODUCTION
Systemic hypertension is a major cardiovascular risk factor and affects a large proportion of the adult population, including 70% of patients over 65 years of age. 1 Renovascular hypertension (RVH) is the most common secondary cause of systemic hypertension, 1,2 and thus there is significant interest in studying its pathophysiology and impact on target organs like the heart. Over the last 30 years, there have been significant advances in understanding the pathophysiological effects of RVH, leading to better insights into therapeutic strategies for RVH, especially targeting cardiac function and remodeling. [3] [4] [5] [6] [7] However, hypertension-induced cardiac disease continues to cause significant morbidity and mortality, underscoring the need to further understand the early myocardial implications of this common disease.
The Goldblatt two-kidney, one-clip (2K1C) hypertension model 8 is long established and widely employed in the study of RVH in different animal models, 9-11 providing a highly reproducible and clinically relevant model of systemic hypertension, which greatly contributed to our knowledge of cardiovascular disease. Our group has recently described a detailed temporal analysis of candidate genes and proteins that are involved in critical renal signaling pathways, such as cell proliferation, cell death, epithelial-mesenchymal transformation and fibrosis, that are activated in a murine model of 2K1C hypertension. 12 Furthermore, RVH has been described to be associated with the activation of pro-fibrotic pathways, 13 which in turn is accompanied by an increase in cardiac mass (LV hypertrophy) 14 leading to myocardial remodeling. A clear understanding of the effect that RVH has on the myocardial microenvironment, which will impact LV systolic and diastolic function, will be critical to better delineate disease progression and to monitor therapy.
To better investigate the impact of RVH in the heart and assess the effect of novel therapeutics, it is important to develop imaging strategies to non-invasively monitor the progression of the disease. In small animal studies, echocardiography has been long used to assess cardiac systolic function. 15, 16 Novel developments in high-resolution ultrasonography now permit extension of these investigations into a more complete assessment of cardiac function, which can provide insights into earlier stages of RVH in small animal models, permitting a better and more comprehensive understanding of the impact of RVH in the heart. Thus, using a murine model of 2K1C, 12,17 the present study was undertaken to evaluate the feasibility of non-invasive in vivo longitudinal assessment of cardiac systolic and diastolic function in murine RVH, and to correlate them with ex vivo assessment of different biological factors involved in the myocardium of RVH animals.
MATERIALS AND METHODS Animals
Studies were performed on male 129S1/SvImJ mice (Jackson Laboratory, Bar Harbour, ME, USA) of 6-7 weeks of age, weighing 20-25 g. 12 All animal procedures were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and the Mayo Clinic College of Medicine Institutional Animal Care and Use Committee approved the study protocol.
Study outline
Mice underwent a surgical procedure for the induction of RVH by renal artery stenosis. 12 LV systolic and diastolic functions as well as blood pressure (BP) measurements were assessed 3 days before and then 2 and 4 weeks after induction of renal artery stenosis. At 4-week post surgery, mice were euthanized and tissue collected for ex vivo studies.
Surgical procedure
For the induction of RVH in mice (n ¼ 9), we used a modified approach to the standard Goldblatt 1-clip-2-kidney model, traditionally done by placement of a silver clip to partially occlude the renal artery. 8, 16, 18 For these studies, we placed a small polyetrafluoroethylene cuff (outer diameter ¼ 0.36 mm Â internal diameter ¼ 0.2 mm Â L 0.5 mm) around the right renal artery to induce renal artery stenosis and subsequent systemic hypertension. 12 Briefly, mice were anesthetized with isoflurane (1.75%), the lateral skin shaved and wiped clean with topical antiseptic and alcohol, and the right kidney exposed through a small flank incision 1 cm in length. The renal artery was then exposed and a short segment dissected free of the renal vein. A polyetrafluoroethylene cuff (outer diameter ¼ 0.36 mm Â internal diameter ¼ 0.2 mm Â L 0.5 mm) was placed around the renal artery (0.25 mm in diameter, as assessed by ultrasound) and secured with two 10-0 nylon sutures. The abdominal cavity was closed in two layers (muscle and skin) with a 6-0 Vicryl suture.
Mice recovered from anesthesia on 37 1C pad until ambulatory and then returned to routine housing. After a 2-week acclimatization period, systolic, diastolic and mean arterial blood pressure were assessed at three time points (3 days before, 2 weeks and 4 weeks after surgery) by the tail-cuff method using the XBP1000 non-invasive blood pressure system (CODA system, Kent Scientific, Torrington, CT, USA). 12, 19 At 4 weeks, the mice were euthanized, the heart was harvested and fixed for histopathological analysis and immunohistochemical staining.
Echocardiography
Two-dimensional, Doppler and M-mode echocardiography acquisitions were performed at baseline (3 days before surgery), 2 and 4 weeks after the induction of RVH with a high-resolution ultrasound system (Vevo 770, VisualSonics, Toronto, ON, Canada), 20 equipped with a 30-MHz mechanical transducer. Animals were anesthetized with 1.5% of isoflurane during the whole procedure (25-30 min) and placed on a warming platform (set to 38 1C) in a supine position. The animal's heart rate, ECG signal and respiration rate were recorded, and the body temperature monitored. The chest was shaved and further cleaned with a depilatory cream to minimize signal interference. Aquasonic 100 gel (Parker Laboratories, Fairfield, NJ, USA) was applied to the thorax surface to optimize visibility of the cardiac chambers. 20 Parasternal long-axis, parasternal short-axis and apical four-chamber two-dimensional views were acquired.
For the assessment of LV systolic function, the M-mode of the parasternal long-and short-axis views at the papillary muscle level was used (Figures 1a  and b) . In these views, the parameters calculated were: LV muscle mass . [21] [22] [23] For the assessment of diastology, an apical four-chamber view was acquired by positioning the transducer as parallel to the mitral inflow as possible ( Figure 1c ). Tissue motion velocity was assessed by spectral pulsed-wave Tissue Doppler imaging, obtained from the mitral septal annulus. 24 LV diastolic function was assessed by the measurement of the LV transmitral early peak flow velocity (E) to LV transmitral late peak flow velocity (A) wave ratio, the deceleration time, the E to e 0 (mitral annulus early diastole tissue motion) wave ratio. 25, 26 Flow velocity recordings were performed by pulsed-wave spectral Doppler imaging setting the sample volume close to the tip of the mitral leaflets. Images and Doppler measurements were obtained from at least three consecutive cycles, such that the E and A waves were separated optimally and the E wave recorded was a maximum. Deceleration time measurements were corrected for heart rate differences by dividing respective values by the square root of the R-R interval. 27 
Immunohistochemical staining
Heart tissues were fixed in 10% neutral buffered formalin, dehydrated and embedded in paraffin and histologic sections (4 mm thick) were prepared. Representative sections were stained with hematoxylin and eosin for whole LV size and structure and myocyte size; and Masson's Trichrome stain for fibrosis. Additional unstained slides were prepared for immunohistochemical staining including Collagen III and a macrophage marker (F4/80). Antigen retrieval was performed by heat treatment in citrate buffer for 20 min, using a commercial vegetable steamer for the F4/80 stain. Enzyme treatment (trypsin, 15 min at 
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Color was developed using NovaRed (Vector Laboratories) followed by hematoxylin counterstain. Coverslips were mounted with Permount mounting media.
Quantitative analysis of extracellular matrix deposition was performed using the MetaVue Image Analysis System (Universal Imaging, Downington, PA, USA), as previously described. 28 Figure 2 shows a representative image of the plastic cuff placement around the renal artery ( Figure 2a) ; also shown is the echocardiographic demonstration of the cuff location ( Figure 2b) 
Statistical analysis
Statistical comparisons between baseline and 2 or 4 weeks post surgery were performed using non-parametric Wilcoxon matched pairs test, when possible, or Mann-Whitney test. Results are expressed as medians with interquartile range of multiple experiments. Statistical significance was established at twotailed Po0.05. Linear regression analysis was used to analyze the relationship between histological changes and echocardiographic parameters.
RESULTS

Echocardiography
Two weeks after the induction of renal artery stenosis, there was an increase in LV muscle mass (Figure 3a) , that was more pronounced 4 weeks after the induction of renal artery stenosis, and significantly different when compared with baseline. Accordingly, as early as 2 weeks after the induction of renal artery stenosis, there was a decrease in left ventricular end-diastolic volume (LVEDV) and an increase in LVEF, with a CO that was not different from baseline (Figure 3b) .
After the development of hypertension, animals showed an abnormal diastolic function as measured using standard clinical parameters. Specifically, at 4 weeks RVH animals showed shortening of the E velocity deceleration time as well as an increase in the E/e 0 , associated with an increase in the E/A ratio ( Figure 4 ).
Ex-vivo characterization of the effect of RVH in the myocardium
In line with echocardiography findings of increased LV muscle mass, there was an increase in LV wall thickness in RVH compared with controls. Furthermore, and accounting for the difference in wall thickness, the mean myocyte size in RVH animals was significantly larger than a cohort of historic controls (Figure 5a ). Trichrome stains demonstrated a significant increase in extracellular matrix deposition (RVH: 8.32 ± 2.96% of tissue area vs controls: 0.16 ± 0.03% of tissue area, Po0.01) in response to increased blood pressure in RVH (Figure 5d ). Linear regression analysis did not show a significant correlation between the percentages of tissue area occupied by collagen and any of the evaluated echocardiographic parameters at 4 weeks (% fibrosis vs E/A: r 2 ¼ 0.07, P ¼ 0.67; % fibrosis vs E/E 0 : r 2 ¼ 0.73, P ¼ 0.064; % fibrosis vs deceleration time: r 2 ¼ 0.27, P ¼ 0.37).
DISCUSSION
In this study, we established for the first time the feasibility of a noninvasive assessment of the cardiac manifestations of RVH in a small animal model and their extension to histologic changes in the myocardium. The use of non-invasive imaging for the assessment of cardiac dysfunction will be critical to monitor early disease progression as well as evaluate different therapies.
RVH is the most common of the secondary causes of systemic hypertension, 1 is amenable to specific treatment 2 when identified,and shares many aspects with the idiopathic version of systemic hypertension, such as injury to target organs like the heart. [29] [30] [31] Furthermore, much of the morbidity and mortality of hypertension is related to its impact on target organs like the heart. 1 Thus, animal models of RVH serve as an important platform to study not only the mechanisms behind idiopathic hypertensive disease but also the effect of different antihypertensive therapeutic strategies. Our group has previously described a novel small animal model of RVH, based on the use of a plastic cuff to induce unilateral renal artery stenosis. 12, 19 In this study, we extend these findings to examine the impact of hypertension non-invasively on cardiac structure and function in a small animal model of renal artery stenosis. The levels of hypertension achieved under our experimental conditions were consistent with the ones recently described by our group. 12 More significant elevation of blood pressure (40-50%) in this experimental model has also been reported by other authors, 32, 33 whereas in other studies more moderate increases in blood pressure (10-20%) have been observed. 10, 18 Hypertensive heart disease has been previously shown to affect the myocardium. Indeed, as previously shown, 16 we observed that RVH leads to an increase in LV muscle mass, evident by echocardiography, which is related to an increase in myocyte size. Previous studies showed that induction of hypertension leads to remodeling of the myocardial interstitium that is characterized by increased definition of extracellular matrix. 31, 34 In this study, the remodeling of the myocardium was composed of regions of fibrosis as well as an increased influx of F4/80-positive macrophages, which led to remodeling of the myocardium. The lack of correlation between percent fibrosis and echocardiographic parameters, suggests that other factors than just fibrosis may have a role in LV remodeling and diastolic dysfunction.
When using animal models to study development and progression of a clinical disease (hypertension), it is important to use clinically applicable tools. In our study, we chose to use echocardiography, which is the mainstay for clinical assessment of cardiac function 25, 26 and on which many clinical decisions regarding therapeutic interventions are based. Traditional ultrasonography with 10-15 MHz transducers has been used to assess cardiac function in murine models of cardiovascular disease. 27, 35, 36 However, the limit of 37 Moreover, low temporal resolution (o200 frame per second) made it difficult to study the movements of the myocardium and valves, as well as quantify cavity dimensions in animals with high heart rates.
Assessment of cardiac function in renovascular hypertension
Recently, novel developments in ultrasonography with improvements in high spatial (30 mm) and temporal (up to 1000 frame per s in M-Mode imaging) resolution made possible a more accurate assessment of LV systolic, diastolic and vascular function in murine models of cardiovascular disease. 38, 39 Actually, the rapid attenuation of high-frequency (30 MHz) sound waves and the consequent shallow tissue penetration (7-10 mm) are ideal for ultrasonography in small size animals with thin tissue.
Previous studies in small animal models have emphasized echocardiography to assess LV systolic function, which is the main determinant of patient survival, and have provided important insights on the development and progression of the hypertensive disease. In fact, we observed an early increase in left ventricular end-systolic volume (LVESV) that might suggest a compensatory mechanism to offset a decrease in LVEDV, in order to increase LVEF and preserve CO. Recently, several studies have reported echocardiographic parameters of systolic function in 2K1C mice models. 10, 40 In our experimental conditions, we observed an increase in LVEF that has not been reported previously, with a CO consistent with the data already published. 11, 16, 40 However, there are differences, such as the time point of the echocardiographic evaluation, the level of hypertension achieved and the mouse strains used that could explain the discrepancy between studies. Here we describe, for the first time, the diastolic function profile of systemic hypertension in small animals after induction of renal artery stenosis. In addition to observations of diastolic pathophysiology in RVH, this study provides a non-invasive platform that can be used to monitor the effect of different therapeutic strategies as they are being developed.
The increase in afterload seen in hypertension leads to an increase in LV end-diastolic pressure, and by LaPlace's law, to an increase in muscle thickness and remodeling of the myocardium, both at the level of the myocyte and the interstitium, which are considered the main determinants of diastolic relaxation abnormalities. Clinically, diastolic dysfunction has been classified into four different grades: 26 (1) abnormal relaxation; (2) pseudo-normalization; (3) reversible restrictive and (4) irreversible restrictive. In our study, the diastolic dysfunction observed appeared to mostly correspond to stages 3 or 4 (restrictive filling). As diastolic dysfunction progresses rapidly in mice, 41 multiple different Doppler patterns may exist in the same group of surgically modeled mice and this may lead to a different progression pattern of the stages of diastolic dysfunction in mice. Thus, the assessment of diastolic function was not based on a single variable but rather on a combination of parameters (deceleration time, E/e 0 ratio, E/A ratio), which increased the validity of the findings. The early changes in LVEF likely represent a compensatory mechanism for the diastolic dysfunction, suggesting that in the stages studied, our model reflects a pure diastolic dysfunction model. Anesthesia depresses contraction, heart rate and autonomic reflex control. It would be, then, preferable to perform echocardiographic studies in conscious rather than sedated animals. However, it should be noted that at physiologic (conscious) heart rates, the E and A waves of the transmitral valve inflow are typically fused, which makes the analysis of diastolic function difficult. Common regimens of anesthesia for echocardiograhic evaluation include ketamine-xylazine, 10, 16 ketamine-acepromazine, 42 pentobarbital 16 and inhalation agents, such as isoflurane. These agents differ with respect to duration and depth of sedation, with altered consequences on cardiac physiology, systolic and diastolic function. In this study, we chose to use isoflurane as it causes less depression of cardiac function and heart rate, providing more reproducible results. 16 Notably, due to considerable variability in heart rates among mouse strains as well as phenotypic variation within a strain, including variation in anesthetic response, 35 there may be differences in the absolute values of systolic and diastolic parameters measured between small animal strains, 43, 44 again underscoring that diastolic function should be assessed using a number of parameters, as done in the clinic setting. These features highlight the importance of longitudinal assessment of diastolic function, preferably under the same anesthesia regimens, as done in this study.
Limitations of the study
In our model, we observed a significant increase in LV muscle mass as early as 2 weeks after the induction of renal artery stenosis. This 
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F Franchi et al time-frame, from the development of hypertension to increases in LV mass, is faster than what we would see in the clinical population. Furthermore, we did not observe the abnormal relaxation or pseudonormalization stages of diastolic dysfunction in our study, but we cannot exclude that milder grades of diastolic dysfunction are present earlier than 2 weeks after induction of renal artery stenosis, which could have been detected if animals had been studied at earlier time points. In summary, in this study, we described the diastolic function profile in a small animal model of RVH, using non-invasive highresolution ultrasonography. Use of such non-invasive modalities will have a critical role in both monitoring disease progression as well as assessing the effect of therapeutic interventions.
